We present a comprehensive study of epitaxially grown and As-coated GaAs(100) surfaces as a function of As desorption temperature and background pressure. We have used low-energy electron diffraction to determine surface reconstruction, and core-level and valence-band soft-x-ray photoemission spectroscopy to perform chemical and electronic characterization of these surfaces. We find gradual changes in surface geometry and composition, and a limited (-120 meV) Fermi-level movement over numerous reconstructions in the 250 -650'C annealing temperature range. The surface ionization potential and work function exhibit large changes between different surface reconstructions. In conjunction with other techniques, work-function measurements present evidence of surface inhomogeneity for many of the desorption temperatures and surface reconstructions. This inhomogeneity appears related to the existence of differently reconstructed patches on the surface. Our results emphasize the complexity of reconstructed GaAs(100) surfaces and the advantages of a multiple-technique approach for their characterization.
I. INTRODUCTION
The (100) surface of GaAs exhibits a variety of scientifically and technologically relevant properties. Because of the polar nature and the related variety of reconstructions of this surface, its physical properties are significantly affected by its atomic composition. ' The
As-rich (2X4)-c(2X8) and c(4X4) reconstructions and the Ga-rich (4X2)-c(8X2) and (4X6) reconstructions have been intensely studied from both the experimental and theoretical points of view. ' In addition, the more Ga-rich surfaces with the (4X2)-c(8X2) reconstruction have attracted significant attention as a test bed for studies of Schottky barrier evolution at metal/GaAs interfaces. ' ' Pioneering studies at As-encapsulated surfaces prepared by molecular-beam epitaxy (MBE) under less well-defined surface conditions suggested increased sensitivity of the interface Fermi-level (EF) position to the particular metal overlayer, as compared to the "universal Ez pinning" at the GaAs(110) surface. ' However, with additional studies it has become increasingly apparent that the metal-semiconductor interface electronic properties, as well as the surface characteristics of GaAs(100) , depend sensitively on details of surface preparation. '
The purpose of this paper is to explore the correlation of geometric, chemical, and electronic properties of surfaces. We have used core-level and valence-band soft-x-ray photoemission spectroscopy (SXPS) to study in vacuo surface chemistry, EF movement, and work-function changes over the full range (250 -650'C) of As desorption temperatures and subject to controlled variations of As background pressure. These experiments were combined with low-energy electron-diffraction (LEED) studies of thermally and chemically induced changes in surface reconstruction. Surface reconstructions which we consistently produce include the (1X1), (2X4), (4X2)-c(8X2), (4X6), and, at temperatures approaching the onset of surface decomposition, a pattern characteristic of surface facetting.
Photoemission measurements, in conjunction with detailed line-shape analysis, ' show subtle and systematic changes in the Ga 3d and As 3d core-level features with desorption temperature, in good agreement with previous studies. ' Relative intensity of these core-level features indicates a large compositional change between the Asrich (1 X 1) surface annealed at 360'C and the Ga-rich (4X2)-c(8X2) reconstruction at the threshold of surface decomposition, analogous to that previously reported for as-grown MBE-GaAs(100) surfaces. 6 The surface Fermi level remains -0.6 eV above the valence-band maximum (E, ) talons. ' In contrast, our photoemission measurements show large changes in the surface ionization potential and work function between different surface reconstructions, analogous to those previously reported on as-grown MBE-GaAs(100) surfaces. ' Core-level photoemission spectra were analyzed on a minicomputer using a standard nonlinear least-squares line-shape fitting routine. ' Both the As 3d and Ga 3d spectra were fit with a pair of symmetric spin-orbit doublets formed by convolution of the Lorentzian and Gaussian line shapes. These doublets were superimposed onto a secondary electron background approximated with a cubic polynomial and subsequently fit to the original spectra through a minimum of 300 iterations.
Lorentzian widths (defined as full width at half maximum) and the spin-orbit splitting were fixed at 155 (180) meV and 445 (690) Fig. 1(a Perhaps the most striking feature in the Ga 3d lineshape evolution with desorption temperature is the nearly complete absence of the ss2 contribution from the Asrich (2X4) surfaces annealed to below -480'C. For these surfaces, the ss1 component is relatively prominent, contributing -24% of the total integrated intensity. For temperatures between -500 and 600'C and the more Ga-rich (4X2)-c(8X2) reconstruction, each of the surface-shifted components contributes -10% of the total Ga 3d emission. At temperatures above -620'C, as the GaAs(100) surface begins to decompose, dissociated As sublimes from the surface and dissociated Ga atoms start to aggregate into clusters at the surface. ' ' Indeed, the top spectrum in Fig. 2(a) Fig. 2(b) , it can be attributed to the residual As on the surface. The large Gaussian width of this component arises from inequivalent bonding sites of absorbed as atoms, as compared to the homogeneous local environment in bulk As film evidenced in the 250'C spectrum. Significantly, both the 0.60-eV relative shift and the relative intensity of the absorbed As contribution in the 360'C spectrum correspond closely to the results of van der Ween et al. ' and Ludeke, Chiang, and Eastman obtained at the c(4X4) surfaces prepared and studied in situ in a MBE-growth chamber. The discrepancy between our (1 X 1) LEED pattern and the c(4X4) pattern observed by those investigators at surfaces with nearly identical chemical composition is not well understood and likely reflects the subtle differences between their asgrown and our decapped GaAs(100) surfaces.
The adsorbed component typically vanishes at surfaces annealed above 400'C. Its presence, however, is found to depend sensitively on both the As background pressure and the duration of annealing. Thus, when the As partial pressure was increased to above 1X10 Torr, a sequence of several rapid anneals produced a surface with adsorbed As even for the 550 C final desorption temperature.
Line-shape analysis in Fig. 2 Fig. 2(b Valence-band spectra show significant changes with desorption temperature and surface reconstruction.
In particular, the high-kinetic-energy end of VB spectra (the VB edge} is very sensitive to surface reconstruction.
Thus, the 400'C spectrum in Fig. 4 Fig. 5 shows Em ovement based on a consistent use of both the VB-edge spectra and the Ga 3d and As 3d core levels. We started by selecting a set of "optimal" VB's corresponding to surfaces desorbed at 500, 550, and 580'C, and from those established an average reference (E~-E")offset of 0.62 eV.
We then extracted changes in band bending relative to these surfaces by measuring rigid shifts of the substrate component of the analyzed As 3d and Ga 3d core-level spectra. This method produced a relatively stable (EẼ ") measurement of 0.62+0.05 eV for surfaces annealed between 500 and 620'C, and 0.52+0.05 eV for the Asrich (2X4) surfaces produced by the 400 and 450'C desorptions. The EF stabilization energy observed for the c(8X2) surface agrees very well with similar measurements performed by other groups.
It should also be pointed out that, for desorption temperatures in excess of -620'C, we commonly observe further EF movement toward the valence-band maximum.
This movement is likely caused by the formation of thermally generated defects in GaAs located -0.5 eV above E".
The discrepancy between the core-level-analysis-based (Ez E") measur-einents and similar measurements performed exclusively by VB-edge extrapolation is, as shown in Fig. 5 , more emphasized for lower-temperatureannealed surfaces. Indeed, our VB-edge extrapolation for the (2X4) As-rich surfaces prepared in the 400 -500'C temperature range suggests a relative EF position of 0.7-0. ' The work function is then obtained by subtracting (Ez E"-) from the ionization energy for each desorption temperature:
where 4 denotes the surface work function, I the ionization energy, h v the incident photon energy, and b the energy separation between the valence-band maximum and the low-energy cutoff of secondary photoelectrons. In addition to the uncertainty in determination of the VB edge discussed in the previous section, surface-workfunction measurements were complicated by the presence of multiple structures near the cutoff of the secondary electron emission, shown in Fig. 6 . Solid arrows in Fig. 6 indicate the lowest kinetic-energy cutoff (corresponding to a low work-function value), while the open arrows mark the second, higher kinetic-energy photoemission cutoff (corresponding to a higher surface-work function). It is noteworthy that both the For desorption temperatures up to 400'C, only a single cutoff is observed in the secondary electron spectra (Fig. 6) , indicative of surface termination by at least a monolayer of adsorbed As. After a 500'C desorption, the first cutoff in Fig. 6 shifts by -0.5 eV which, taking into account the simultaneous change in band bending, yields a 0.63-eV increase in the associated surface-work function. This large work-function change resembles the abrupt transition between the c(4X4) and c(2X8) surface-work functions first reported by Massies, Devoldere, and Linh. Howev- er, the 500'C spectrum in Fig. 6 exhibits a very pronounced double cutoff structure possibly reflecting the simultaneous presence of both the As-rich c(2X8) and the Ga-rich (4X2) patches at the surface. Indeed, the weighted average work function in Fig. 7 shows only -80-meV change between the 450 and 500'C data points, which suggests that the 500 C anneal in our experiment produced a surface outside the narrow temperature range corresponding to the "pure" c(2X8) reconstruction, so that the associated maximum in the surface-work function was not pronounced.
Workfunction behavior for desorption temperatures between 500 and 600'C is in excellent agreement with the previous and recent ' work in that it shows a gradual decrease, a plateau, and then a further decrease to the absolute minimum which occurs at the high-temperature limit of the c(8X2) reconstruction. Surface annealing beyond 600'C causes the work function to rise again as the surface continues to lose As and gradually decompose. Surface decomposition is accompanied with the formation of dissociated Ga clusters which introduce new structure into the secondary electron emission spectra (Fig. 6, 
